and its downstream targets of the AMP-activated protein kinase family are important regulators of many aspects of skeletal muscle cell function, including control of mitochondrial content and capillarity. LKB1 deficiency in skeletal and cardiac muscle (mLKB1-KO) greatly impairs exercise capacity. However, cardiac dysfunction in that genetic model prevents a clear assessment of the role of skeletal muscle LKB1 in the observed effects. Our purposes here were to determine whether skeletal musclespecific knockout of LKB1 (skmLKB1-KO) decreases exercise capacity and mitochondrial protein content, impairs accretion of mitochondrial proteins after exercise training, and attenuates improvement in running performance after exercise training. We found that treadmill and voluntary wheel running capacity was reduced in skmLKB1-KO vs. control (CON) mice. Citrate synthase activity, succinate dehydrogenase activity, and pyruvate dehydrogenase kinase content were lower in KO vs. CON muscles. Three weeks of treadmill training resulted in significantly increased treadmill running performance in both CON and skmLKB1-KO mice. Citrate synthase activity increased significantly with training in both genotypes, but protein content and activity for components of the mitochondrial electron transport chain increased only in CON mice. Capillarity and VEGF protein was lower in skmLKB1-KO vs. CON muscles, but VEGF increased with training only in skmLKB1-KO. Three hours after an acute bout of muscle contractions, PGC-1␣, cytochrome c, and VEGF gene expression all increased in CON but not skmLKB1-KO muscles. Our findings indicate that skeletal muscle LKB1 is required for accretion of some mitochondrial proteins but not for early exercise capacity improvements with exercise training. liver kinase B1; adenosine 5=-monophosphate-activated prokine kinase; mitochondria; exercise training; skeletal muscle EXERCISE TRAINING RESULTS IN A HOST OF ADAPTATIONS in skeletal muscle that contribute to an enhanced capacity for subsequent exercise performance. Among the most significant of these is an increase in mitochondrial content and enzyme activity (14) . Although the mechanisms involved in mitochondrial biogenesis are not fully defined, existing evidence suggests that AMPactivated protein kinase (AMPK) plays an important role in promoting this process (1, 51). AMPK is potently activated under conditions of low cellular energy, when ATP levels decline and AMP/ADP levels rise (4, 52). In skeletal muscle, this occurs during exercise or muscle work (50). Upon activation, AMPK generally signals the allocation of cellular resources to catabolism and energy production while reducing growth and proliferation signals. In line with these broad functions, chronic activation of AMPK, using the AMP mimetic AICAR, increases mitochondrial enzyme protein content and activity (18, 51) . This is likely due, at least in part, to increased peroxisome proliferator-activated receptor-␥ coactivator 1␣ (PGC-1␣) content (18, 27) and phosphorylationmediated PGC-1␣-dependent transcriptional activation (19).
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Activation of AMPK is mediated by both allosteric mechanisms and phosphorylation at Thr 172 on the catalytic ␣-subunit by an upstream AMPK kinase (13, 15) . Liver kinase B1 (LKB1) is the predominant upstream kinase mediating AMPK activation in skeletal muscle, as evidenced by a dramatically reduced AMPK activation in muscle-specific LKB1-knockout (mLKB1-KO) mice during exercise and/or contraction (25, 41, 47) . In addition to the two catalytic AMPK isoforms (AMPK␣1 and AMPK␣2), 12 other AMPK family members are phosphorylated and activated by LKB1 (31) . The role that these other AMPK family members play in skeletal muscle is very poorly defined, but recent data suggest that there may be some overlap in activation and/or functionality between them and AMPK itself (8, 26) .
Efforts to characterize the role of LKB1 in skeletal muscle have been carried out by us and by other laboratories using mLKB1-KO mice in which LKB1 is lacking in both skeletal and cardiac muscle (3, 20, 25, 32, 41, (45) (46) (47) . These mice exhibit decreased ability to run voluntarily, increased skeletal muscle fatigue (3, 47) , and skeletal muscle wasting and dysfunction (46) . Additionally, it was found that PGC-1␣ levels and mitochondrial content were decreased in skeletal muscle from mLKB1-KO mice (3, 25, 47) , consistent with the idea that LKB1 regulates mitochondrial content via AMPK regulation of PGC-1␣. Although these findings are valuable, the role of LKB1 specifically in skeletal muscle remains unclear because mLKB1-KO hearts fail at a young age (17, 21, 46) . Heart failure may independently lead to many of the defects observed in mLKB1-KO mice, including mitochondrial defects in skeletal muscle (43) . Thus, using those mice, it is impossible to distinguish between the effects of LKB1 ablation in skeletal muscle and those potentially brought on by heart failure.
Thus, although LKB1/AMPK signaling very likely plays an important role in the regulation of mitochondrial content, the specific role and necessity of skeletal muscle LKB1 for basal and exercise training-induced mitochondrial protein expression are still unclear. It is also not known whether LKB1 is required for improved exercise capacity after chronic training. Therefore, the purpose of this study was to determine whether the skeletal muscle-specific knockout of LKB1 (skmLKB1-KO) results in 1) decreased exercise capacity and mitochondrial protein content in sedentary muscle, 2) impaired accretion of mitochondrial proteins after chronic exercise training, and 3) attenuated improvement in exercise capacity after chronic exercise training.
MATERIALS AND METHODS
Animal care and generation of knockout mice. All experimental procedures involving animals were approved prior to experimentation by the Institutional Animal Care and Use Committee of Brigham Young University. Mice were bred and housed under a 12:12-h light-dark cycle and temperature of 21-22°C. Skeletal muscle-specific LKB1 knockout mice (skmLKB1-KO) were generated by crossing LKB1 conditional control (CON) mice that express an LKB1 gene flanked by LoxP sites (provided by R. DePinho and N. Bardeesy, Dana-Farber Cancer Institute, Boston, MA) with myf6-Cre transgenic mice (12) heterozygously expressing Cre recombinase specifically in skeletal muscle under the Myf6 (MRF4) promoter (kindly provided by M. R. Capecchi, University of Utah, Salt Lake City, UT). The expression of Cre then drives the recombination of the LoxP sites and deletion of the LKB1 gene specifically from skeletal muscle. Genotyping was performed via polymerase chain reaction using primers for Cre and floxed LKB1, as described previously (47) . Genotypes and the specificity of the skeletal muscle knockout were verified by Western blotting for LKB1 protein, as described below. CON and littermate skmLKB1-KO mice were 3-5 mo old at the time of experimentation.
AICAR treatment. To confirm the efficacy of the knockout and that LKB1 is required for AMPK activation by AICAR treatment in skeletal muscle, CON and skmLKB1-KO mice (n ϭ 6/group) were injected subcutaneously with AICAR dissolved in warm (37°C) sterile saline (1 mg/g body wt, 50 mg AICAR/ml) or an equivalent volume of plain saline. Thirty minutes after injection, mice were anesthetized with 2-3% isoflurane in 100% oxygen. After 30 min of anesthesia, gastrocnemius, soleus, red quadriceps, white quadriceps, heart, liver, and kidney were removed from the mice, quickly frozen between liquid nitrogen-chilled clamps, and stored at Ϫ90°C.
Sciatic nerve stimulation. For initial experiments to determine whether exercise-induced AMPK activation is ablated in muscles from skmLKB1-KO mice, CON and skmLKB1-KO mice (n ϭ 6/group) were anesthetized to a surgical plane with an injection of pentobarbital sodium (0.08 mg/g body wt). At least 20 min after injection, the gastrocnemius was removed from the right hindlimb. The left sciatic nerve was then isolated and electrically stimulated for 5 min to elicit contractions of the left gastrocnemius muscle (stimulation rate: 1 pulse/s; pulse duration: 10 ms). During the contraction bout, the foot was held at ϳ90°to the tibia. Immediately after the contraction bout, the gastrocnemius was clamp-frozen and stored at Ϫ90°C until further analysis for AMPK activation.
Another cohort of mice was anesthetized with isoflurane, as described above. Hindlimb muscles were unilaterally stimulated via the sciatic nerve for 15 min at 0.5 pulses/s and 5-ms pulse duration. Muscles from the unstimulated hindlimb served as resting controls (CON REST). After stimulation, the resting and stimulated gastrocnemius-plantaris-soleus and tibialis anterior-extensor digitorum longus complexes were removed immediately (for analysis of signaling protein phosphorylation; n ϭ 8/genotype) or 2 or 3 h (for mRNA expression analysis; n ϭ 8/genotype) after the cessation of stimulation and clamp-frozen at the temperature of liquid nitrogen. Mice in the 2-and 3-h groups were maintained under isoflurane anesthesia, with the incision above the sciatic nerve closed by surgical staples the entire time, until the muscles were harvested.
Ambulatory activity monitoring. Mice were individually housed in cages within an infrared beam-based activity monitoring system (Columbus Instruments, Columbus, OH). The number of beam breaks per hour was tracked by computer and averaged over 2 days.
Voluntary running. CON (n ϭ 9 males and 8 females) and skmLKB1-KO mice (n ϭ 9 males and 7 females) were individually housed in cages equipped with in-cage activity wheels (Lafayette Instruments, Lafayette, IN) for 21 days. The distance run on the voluntary wheels was monitored by computer for the duration of the experiment.
Treadmill exercise testing and training. Female mice were acclimatized to treadmill running for 3 days (day 1: nonmoving treadmill for 5 min ϩ 5 min at 10 m/min; day 2: 10 m/min for 10 min; day 3: 10 m/min for 5 min ϩ 15 m/min for 5 min). On the day after the final acclimatization bout, the mice were subjected to a maximal exercise test that consisted of 2 min at 12 m/min and 3 min at 15 m/min, followed by an increase of 1 m/min every minute until exhaustion. Exhaustion was defined as unresponsiveness to motivational stimuli (brushing the tail with a soft-bristled brush and puffs of air) for 10 s. Total running distance to fatigue was recorded as a measurement of running capacity. Beginning 3 days after pretesting, the mice were trained twice/day, 4 days/wk, for 3 wk. Duration and intensity of the training bouts for both genotypes were determined by the exercise capacity of the skmLKB1-KO mice so that the training stimulus was equal. Two cohorts of mice were trained separately and independently. The initial training bout was at 16 m/min for 16 -20 min, depending on the cohort, at which time the first knockout mouse became fatigued. Speed and duration were increased for subsequent bouts, as tolerated by the skmLKB1-KO mice to a maximum 20 -22 m/min for 50 -60 min, depending on the cohort. Tissues were harvested from the mice under isoflurane anesthesia 48 -56 h after the final training bout to allow acute effects of exercise to dissipate. At least 20 min after anesthetization, muscle tissue was removed from the mice, clamp-frozen, and stored at Ϫ90°C until analysis.
Tissue homogenization. Muscles were glass-on-glass homogenized in 19 volumes of homogenization buffer (50 mM Tris·HCl, pH 7.4, 250 mM mannitol, 50 mM NaF, 5 mM sodium pyrophosphate; 1 mM EDTA; 1 mM EGTA, 1% Triton X-100, 50 mM B-glycerophosphate, 1 mM sodium orthovanadate, 1 mM DTT, 1 mM benzamidine, 0.1 mM phenylmethanesulfonyl fluoride, and 5 g/ml soybean trypsin inhibitor), except for the soleus muscle, which was homogenized in 29 volumes of homogenization buffer. Homogenates were frozen at Ϫ90°C and thawed three times to ensure disruption of intracellular membranes, vortexed vigorously, and then centrifuged at 10,000 g for 20 min. The supernatants were analyzed for protein content (DC Protein Assay; Bio-Rad Laboratories, Hercules, CA) and then stored at Ϫ90°C for later analysis.
Western blotting. Homogenates were diluted in 2ϫ sample buffer (125 mm Tris·HCl, pH 6.8, 20% glycerol, 4% SDS, 5% ␤-mercaptoethanol, and 0.01% bromphenol blue) and then loaded on Tris-glycine gels (Bio-Rad Criterion System,; Bio-Rad Laboratories), and proteins were separated at 200 V for 55 min. Proteins were transferred to polyvinylidene difluoride membranes that were then probed for specific proteins via immunodetection. LKB1 activity assay. LKB1 was immunoprecipitated overnight from 50 l of CON and skmLKB1-KO gastrocnemius muscle homogenates (n ϭ 6/genotype) with LKB1 antibody (sc-5640; Santa Cruz Biotechnology) bound to protein G Sepharose. Immune complexes were washed twice with wash buffer A (homogenization buffer described above ϩ 0.5 M NaCl) and then twice with wash buffer B (40 mM HEPES, 80 mM NaCl, 8% glycerol, 0.8 mM EDTA, 5 mM MgCl 2, 0.8 mM DTT). Thirty-five microliters of reaction cocktail {40 mM HEPES, 80 mM NaCl, 8% glycerol, 0.8 mM EDTA, 0.8 mM DTT, 5 mM MgCl2, 0.2 mM ATP, 10 Ci/l [␥-
32 P]ATP, and 0.2 mM LKBtide (LSNLYHQGKFLQTFCGSPLYRRR)} was then added to the immune complex and incubated for 15 min at 37°C with vigorous shaking. Forty microliters of the reaction was then transferred to a half-piece of Whatman P81 filter paper (2.5 cm) and allowed to absorb for 20 s before the reaction was stopped in phosphoric acid. Incorporation of the labeled phosphate into LKB tide was then measured by scintillation counting and expressed as picomoles of phosphate incorporated per milligram of tissue per minute.
AMPK activity assay. The activity of immunoprecipitated AMPK␣1 and -␣2 subunits was determined in gastrocnemius homogenates by measuring the incorporation of radiolabeled phosphate into SAMS peptide (HHMRSAMSGLHLVKRR-OH) expressed as picomoles phosphate of incorporated per gram of tissue per minute, as described previously (37a).
Citrase synthase activity. Citrate synthase activity was measured on homogenates from gastrocnemius muscles from sedentary and treadmilltrained CON and skmLKB1-KO mice, as described by Srere (42) .
Cytochrome c oxidase activity. Activity of cytochrome c oxidase (COX) was determined for gastrocnemius muscle homogenates from treadmill-trained and sedentary mice using a cytochrome c oxidase assay kit (CYTOCOX1; Sigma) and following the manufacturer's instructions.
Mitochondrial DNA content. Genomic DNA was isolated from red quadriceps muscles from treadmill-trained and sedentary mice using the Wizard Genomic DNA Purification Kit (Promega, Madison, WI), following the manufacturer's instructions. DNA was quantified by spectrophotometry and diluted to 6 ng/l; 28.5 ng of total DNA was Table 1 . Primer sequences used for real-time PCR
CAGGCTGCTGTAACGATGAA GCATTCACATCTGCTGTGCT HIF-1 (22) ATAGCTTCGCAGAATGCTCAGA CAGTCACCTGGTTGCTGCAA MCK, muscle creatine kinase; PGC-1␣, peroxisome proliferator-activated receptor-␥ coactivator-1␣; TFAM, mitochondrial transcription factor A; HIF-1, hypoxia-inducible factor-1. used as the template for real-time PCR determination of cytochrome b (mitochondria encoded; forward primer 5=-TTCGCAGTCATAGC-CACAG-3=, reverse primer 5=-TGCCATCCACAACAAG-3=) and ␤-actin (nuclear encoded; forward primer 5=-TCACCCACAATGT-GCCCATCTACGA-3=, reverse primer 5=CAGCGGAACCGCTCAT-TGCCAATGG-3=). Cytochrome b DNA was normalized to ␤-actin DNA as an index of mitochondrial DNA content in the muscle using the 2 Ϫ⌬⌬CT calculation. Tissue metabolite concentration. Assays for the spectrophotometric determination of glycogen, ATP, and phosphocreatine (PCr) concentrations in tibialis anterior muscles after sciatic nerve stimulation were performed as described previously (35).
RNA isolation and real-time PCR. Gastrocnemius-soleus-plantaris muscles were ground to powder under liquid nitrogen. RNA was isolated from the powdered muscle using Trizol (Life Technologies, Carlsbad, CA) and then cleaned up with Qiagen RNeasy columns, following the manufacturer's directions. RNA concentration and purity (260:280 ratio Ͼ1.9) were assessed by spectrophotometry. RNA integrity was verified by agarose electrophoresis. Synthesis of cDNA was performed from 500 ng of RNA using iScript Reverse Transciption Supermix (Bio-Rad, Hercules, CA). Real-time PCR was performed using KiCqStart SYBR Green quantitative PCR ReadyMix (Sigma) or SsoFast EvaGreen Supermix (Bio-Rad) according to the manufacturer's instructions, using a CFX96 real-time detection system (Bio-Rad). Primer sequences were obtained from published literature and are shown in Table 1 . Amplification efficiency was verified prior to experimentation and was between 90 and 105% for all primer sets. Melt curve analysis was also performed to verify the generation of a single transcript. Gene expression relative to CON REST was performed using the 2 Ϫ⌬⌬CT method using muscle creatine kinase (MCK) for normalization.
Succinate dehydrogenase staining. Eight-micrometer sections from the tibialis anterior muscle were cut onto glass slides and air-dried. Slides were immersed in substrate solution [20 mM sodium succinate (no. 2378; Sigma), 10% nitrotetrazolium blue (no. 6639; Sigma) in 0.2 M phosphate buffer, pH 7.6] at 37°C for 40 min and then washed for 3 ϫ 1 min in distilled water, air-dried, mounted with a coverslip, and imaged. Each condition was represented side by side on each slide to ensure equal treatment. Succinate dehydrogenase (SDH) staining intensity of the muscle fibers for the entire tibialis anterior muscle was determined using Image J software (National Institutes of Health).
Capillary immunofluorescence. Eight-micrometer sections from the tibialis anterior muscle were cut onto glass slides, air-dried, and then fixed in acetone at 4°C for 10 min. Sections were permeabilized with 0.3% Triton X-100 in PBS for 10 min at 4°C, blocked in blocking buffer (5% normal goat serum in PBS) for 30 min at room temperature, and then incubated in a 1:50 dilution of CD31 primary antibody (no. MCA2388GA; ABD Serotech) in blocking buffer overnight at 4°C. Sections were washed for 3 ϫ 5 min with PBS and then incubated for 30 min at room temperature in a 1:100 dilution of secondary antibody (Cy3-conjugated goat anti-rat IgG; Jackson Immunoresearch) in the dark at room temperature. Sections were washed again for 3 ϫ 5 min in the dark at room temperature. Excess moisture was allowed to dry, after which coverslips were mounted with Fluoromount G (Southern Biotech, Birmingham, AL) and visualized with fluorescence microscopy. Exposure was adjusted such that brightly stained capillaries were visible along with light background fluorescence of muscle fibers. Capillaries and fibers were counted in blinded fashion. Data were presented as capillaries per muscle fiber.
Statistics. Statistical comparisons for the AICAR and treadmill training experiments were made using ANOVA. ANOVA with repeated measurements was used for the electrical stimulation experiments. Fisher's least significant differene post hoc analysis was used when significant differences were detected by ANOVA. Analyses were performed using NCSS statistical software (Kaysville, UT), with significance set at P Ͻ 0.05. The data are reported as means Ϯ SE. blotting to verify the specificity of the LKB1 knockout. Accordingly, LKB1 protein content was Յ10% in skmLKB1-KO vs. CON soleus, gastrocnemius, red quadriceps, and white quadriceps muscles (Fig. 1, A and C) . LKB1 protein expression in heart, liver, and kidney was not significantly altered in skmLKB1-KO mice (Fig. 1, B and C). LKB1 activity was 89% lower in skmLKB1-KO vs. CON gastrocnemius muscles (Fig. 1D) . AMPK activation in LKB1-KO muscle. Next, we verified that activation of AMPK by AICAR is dependent on skeletal muscle LKB1. AICAR is taken up into the cell and phosphorylated to form ZMP (5-aminoimidazole-4-carboxamide-1-␤-Dribosyl-5-monophosphate), an AMP mimetic that binds to AMPK and leads to its phosphorylation and activation. AMPK␣2 activity in saline-treated skmLKB1-KO gastrocnemius muscles was 73% lower than that in corresponding CON muscles (Fig. 2B) . Furthermore, 1 h after AICAR treatment, AMPK␣2 activity increased by 200% in CON muscles but was not significantly altered in skmLKB1-KO muscles (Fig. 2B) . AMPK␣1 activity, on the other hand, increased modestly in both CON and skmLKB1-KO muscles with AICAR treatment (by 72 and 39%, respectively), but no significant effect of genotype was observed, although there was a distinct trend (P ϭ 0.06) for lower AMPK␣1 activity in the skmLKB1-KO muscles ( Fig. 2A) . Consistent with the AMPK␣2 activity data, content of AMPK phosphorylated at Thr 172 was 72% lower in saline-treated skmLKB1-KO vs. CON gastrocnemius muscles. Phospho-AMPK levels increased 203% with AICAR treatment in CON but not in AICAR-treated skmLKB1-KO muscles (Fig. 2, C and D) .
We likewise verified that AMPK activation by vigorous muscle contraction is dependent on skeletal muscle LKB1 in our mice. Contractions of the hindlimb musculature were elicited by electrical stimulation of the sciatic nerve for 5 min. Immediately after the contraction bout, AMPK␣1 activity increased by 170% in CON muscles but was not significantly higher in skmLKB1-KO muscles (Fig. 2E) . Likewise, AMPK␣2 activity increased (by 690%) with contraction in CON, but not significantly in skmLKB1-KO muscles despite a trend for such (Fig. 2F) . AMPK phosphorylation increased robustly with contraction in CON muscles, but not significantly in skmLKB1-KO muscles (Fig. 2, G and H) .
Ambulatory activity and voluntary running performance. To determine whether skeletal muscle LKB1 is a contributing factor to normal physical activity in mice, we monitored their in-cage ambulatory activity using an infrared beam-based activity monitoring system for 2 days. Average activity of the CON and skmLKB1-KO mice was not different (Fig. 3A) . However, when placed in cages with voluntary running wheels for 21 days, skmLKB1-KO mice ran 40% less per day on average over the course of the training period than CON littermates (Fig. 3B) .
Treadmill training and improvements in exercise capacity. Next, we determined whether LKB1 is required for traininginduced alterations in exercise capacity. Treadmill running performance was determined for untrained mice (pretest) using a progressive treadmill-running protocol, as described in MATERIALS AND METHODS. Running distance to fatigue was 62% lower in untrained skmLKB1-KO vs. CON mice (266 Ϯ 58 vs. 709 Ϯ 67 m, respectively; Fig. 4A) . The mice were then treadmill trained for 40 -60 min/bout, twice/day, 4 days/wk, for 3 wk. CON and skmLKB1-KO mice were trained at equal speed and duration based on the capacity of the skmLKB1-KO mice, as described in MATERIALS AND METHODS. After the training period, the mice were tested again for treadmill-running performance (posttest). Absolute distance to fatigue increased significantly after training to 875 Ϯ 90 m for CON and 391 Ϯ 54 m for skmLKB1-KO mice (Fig. 4A) . Although the distance to fatigue was still substantially and significantly lower in skmLKB1-KO vs. CON mice posttraining, the average relative increase in running distance within each mouse from pre-to posttesting was significantly greater for the skmLKB1-KO mice vs. CON (61 Ϯ 16 vs. 25 Ϯ 11% increase, respectively; Fig. 4B) . A separate cohort of skmLKB1-KO and CON mice was pre-and posttested at the same time as the trained mice but was not subjected to exercise training between tests and served as sedentary controls. The percent change in running distance from pre-to posttesting did not improve in these untrained mice of either genotype and actually tended to decline in the untrained skmLKB1-KO mice (2.4 Ϯ 6.8 and 19.9 Ϯ 5.6% decline in distance to fatigue from pre-to posttesting for CON and skmLKB1-KO mice, respectively; Fig. 4B ), indicating that the modest increase in running performance in the trained cohort was due to the training and not to a learning effect of testing.
Treadmill training and mitochondrial protein content. PCG-1␣ protein content tended to be lower in skmLKB1-KO vs. CON muscles, but not significantly so (Fig. 5A) . Exercise training failed to significantly increase PGC-1␣ content in either genotype. SDH and citrate synthase activities and protein content for PDK4 were all significantly lower in skmLKB1-KO vs. CON muscles (Fig. 5, B-E) . SDH activity and PDK4 protein content did not increase with training in either genotype, although there was a trend for such in PDK4 content (Fig. 5, B and E) . However, citrate synthase activity did increase with training in both CON and skmLKB1-KO muscles without any difference between genotypes (Fig. 5D) . Interestingly, content of cytochrome c and components of complexes I, II, IV, and V of the electron transport chain (Fig. 5F ), as well as activity of cytochrome c oxidase (Fig. 5G) , were all increased with training in CON but not skmLKB1-KO muscles (Fig. 5, H and I) . Mitochondrial DNA content was not significantly different between genotypes or treatment conditions (Fig. 5J) .
Capillarity of the skmLKB1-KO muscle was significantly lower compared with CON muscles, but the training stimulus was not sufficient to increase this measurement (Fig. 6A) . Likewise, vascular endothelial growth factor-A (VEGF) protein content was 46% lower in skmLKB1-KO vs. CON sedentary muscles (Fig. 6B) . Interestingly, however, VEGF content increased by 53% in skmLKB1-KO but not significantly in CON muscles with training.
Signaling pathway activation and gene expression after muscle contraction. We next desired to determine the acute effects of a bout of muscle contractions on cell signaling and gene expression in muscle from skmLKB1-KO mice. Intermittent contraction of the mouse hindlimb was elicited unilaterally by sciatic nerve stimulation for 15 min. The gastrocnemiusplantaris-soleus complex was removed from the stimulated and contralateral resting limb either immediately or 2 or 3 h after stimulation. Consistent with the results of the 5-min contraction bout, AMPK phosphorylation increased substantially immediately after the contraction bout in CON but not in skm-LKB1-KO muscles (Fig. 7A) . P38 (Fig. 7B) , Erk (Fig. 7C) , and CaMKII (Fig. 7D) phosphorylation, on the other hand, increased similarly in both CON and skmLKB1-KO muscles immediately after stimulation. By 2 h postcontraction, AMPK (Fig. 7E) , p38 (Fig. 7F) , and CaMKII (Fig. 7H ) phosphorylation were at resting levels in muscles from both genotypes, although phosphorylation of p38 tended, nonsignificantly, to be elevated in stimulated skmLKB1-KO muscles (P ϭ 0.21; Fig. 7E ). Erk phosphorylation, on the other hand, remained significantly elevated 2 h after stimulation in skmLKB1-KO muscles but not in CON muscles (Fig. 7G) .
Expression of mitochondrial transcription factor A (TFAM) and cytochrome b, but not PGC-1␣, cytochrome c, VEGF, and hypoxia-inducible factor-1 (HIF-1) mRNA was lower basally in skmLKB1-KO vs. CON muscles. Three hours after the contraction bout, mRNA expression of PGC-1␣, cytochrome c, and VEGF was increased by 181, 95, and 142% above rest, respectively, in CON muscles (Fig. 8, A, C , and E) but was unaffected by contraction in skmLKB1-KO muscles. Expression of TFAM (Fig. 8B ), cytochrome b (Fig. 8D) , and HIF-1 (Fig. 8F) was not altered by contraction at this time point in CON or skmLKB1-KO muscles.
To determine whether substrate use during the stimulation bout was altered by LKB1-KO, we measured glycogen, ATP, and PCr levels in muscles from CON and skmLKB1-KO mice. We were unable to use gastrocnemius muscles for these assays since that tissue was already consumed for other measurements. Therefore, we used the tibialis anterior muscle, which is also activated during sciatic nerve stimulation. The stimulation bout decreased glycogen (Fig. 9A) , ATP (Fig. 9B) , and phosphocreatine (Fig. 9C ) levels in both CON and skmLKB1-KO tibialis anterior muscles without any differences between genotypes, indicating that the energetic strain from stimulation was similar for CON and skmLKB1 muscles.
DISCUSSION
The major purpose of this study was to determine whether skeletal muscle LKB1 is required for exercise-induced adaptations in exercise capacity and mitochondrial content. We found that upregulation of several key genes involved in mitochondrial biogenesis and angiogenesis is impaired after a bout of contractions in skmLKB1-KO muscle. Likewise, upregulation of proteins involved in mitochondrial oxidative phosphorylation with training is impaired in skmLKB1-KO muscle. However, these effects of LKB1 knockout do not prevent or impair improvements in exercise capacity after chronic exercise training.
Previously, we (20, 47) observed that running capacity was impaired in mice in which LKB1 was selectively knocked out in skeletal and cardiac muscle. Since the lack of LKB1 in heart resulted in cardiac dysfunction (17, 21, 46) , it cannot be determined using that model, whether the impairment in exercise capacity is due to skeletal or cardiac muscle defects. Therefore, we generated skeletal (and not cardiac) musclespecific LKB1-knockout mice in which Cre recombinase expression and subsequent excision of floxed LKB1 are driven by the Myf6 promoter. LKB1 expression in these mice was unaltered in nonskeletal muscle, tissue including the heart, but reduced by ϳ90% or more in skeletal muscle, and this correlated with a substantial reduction in AMPK phosphorylation and AMPK␣2 subunit activity and confirms previous findings showing that LKB1 is the major AMPK␣2 kinase in skeletal muscle (25, 41, 47) . AMPK␣1 activity, on the other hand, was not significantly reduced vs. CON muscle in untreated or AICAR-treated skmLKB1-KO muscles. Our findings are consistent with previous findings from mLKB1-KO mice (25) and with very recent data from skeletal muscle-specific LKB1-dominant negative (skmLKB1-DN) mice (33) . The persistent AMPK␣1 activity in skmLKB1-KO muscle is likely due to 1) the presence of nonskeletal muscle cells (endothelial cells, neurons, adipocytes) in the tissue sample that highly express AMPK␣1 and do not lack LKB1 and 2) the potential presence of an alternate AMPK kinase, such as calcium/calmodulindependent protein kinase kinase (CaMKK), that is able to phosphorylate AMPK in the absence of LKB1. Although not significant, phosphorylation and activity of AMPK␣2 tended to increase slightly with electrical stimulation in the skmLKB1-KO muscle. This also supports the idea of an LKB1-independent AMPK kinase in skeletal muscle.
Consistent with previous findings in mLKB1-KO mice (20, 47) , both voluntary exercise capacity and maximal treadmill exercise capacity were decreased in skmLKB1-KO mice, demonstrating that skeletal muscle LKB1 is required for optimal exercise capacity. Our findings agree with those of Miura, et al. (33) , who very recently showed a similar impairment in exercise tolerance in a skmLKB1-dominant negative mice. Ambulatory cage activity, however, was not altered in skmLKB1-KO mice, indicating that differences between genotypes in untrained mice are not due to a chronic decrease in physical activity. The impairment in exercise capacity is almost certainly due in part to the lack of AMPK activity that we observed, since the double-knockout of AMPK ␤-subunits causes a similar decrease in performance (36) . The magnitude of impairment in voluntary running after 21 days of training was less in the skmLKB1-KO mouse (ϳ45% less distance/day) than in previous reports for the mLKB1-KO mouse (ϳ75% less distance/day) (47) . Likewise, maximal treadmill running speed was previously shown to be more than 50% lower in mLKB1-KO mice than in controls (20) . We show here that the total distance run by the skmLKB1-KO mice was 75% lower than CON, but when expressed as the maximal treadmill speed, as reported previously for the mLKB1-KO mice, the skmLKB1-KO reached a speed that was 35% lower than CON (40 vs. 26 m/min, respectively). Therefore, it appears that the loss of LKB1 in both heart and skeletal muscle results in a greater impairment of exercise capacity than the loss of LKB1 in skeletal muscle only.
We next desired to determine whether skeletal muscle LKB1 is required for improvements in mitochondrial content, muscle vascularity, and exercise capacity with chronic training. To test this, we trained CON and skmLKB1-KO mice for 3 wk at equal speed and distance for both genotypes based on the running capacity of the skmLKB1-KO mice. Training speeds were quite low initially since the skmLKB1-KO mice ran so poorly. In fact, our first experiments (data not shown) showed that running once/day at the low speeds sustained by the skmLKB1-KO mice was not sufficient to induce adaptations in the CON mice. Therefore, we ran the mice twice daily, 4 days/wk, starting at just 16 m/min for 20 min/exercise bout, which was sufficient to completely fatigue the skmLKB1-KO mice. However, the skmLKB1-KO mice improved substan- tially with time such that they could endure 50 -60 min at 20 -22 m·min Ϫ1 ·bout Ϫ1 by the end of the 3-wk training period. We found that this training protocol improved running performance in both the CON and skmLKB1-KO mice, with the relative increase in running distance with training being greater in the skmLKB1-KO vs. CON mice. This clearly shows that LKB1 is not required for early improvements in exercise capacity with training. It is not known whether performance improvements would persist in skmLKB1-KO mice with continued training such that they would reach the levels seen in CON mice. Some caution should be exercised in interpreting the observed differences in the magnitude of the training response between genotypes. In our study, the genotypes were run at the same absolute intensity and volume. However, this represented a higher relative workload for the skmLKB1-KO mice, since their maximal running capacity was lower. Thus, training responses in the skmLKB1-KO mice may have been lower had they been trained at a relative workload similar to the CON mice.
The activity of citrate synthase and protein content of cytochrome c was previously shown to be lower in skeletal muscle of mLKB1-KO mice, as was the content of PGC-1␣, the transcriptional cofactor thought to play a major role in the regulation of mitochondrial volume (20, 47) . In agreement with those findings, we observed decreased citrate synthase activity, succinate dehydrogenase activity, and PDK4 content in skm-LKB1-KO vs. CON mice, suggestive of lower mitochondrial volume, whereas PGC-1␣, mtDNA, cytochrome c, and the other components of the oxidative phosphorylation system that we measured were unaffected basally by genotype. It should be noted, however, that for PGC-1␣ in particular, the statistical power was quite low (0.44), due to variability in the data set, such that no difference was observed between genotypes despite the mean value being 41% lower in sedentary skmLKB1-KO vs. CON muscles. Thus, it seems likely that for this measurement, statistical significance would be achieved with a larger sample size.
PGC-1␣ content, mtDNA content, PDK4 content, and SDH activity were not altered with training in CON or skmLKB1-KO muscles. This lack of responsiveness of some markers of mitochondrial biogenesis is not terribly surprising given the relatively low intensity of training necessitated by the poor running ability of the skmLKB1-KO mice. Regardless, citrate synthase activity as well as the protein content for cytochrome c and other mitochondrial proteins involved in oxidative phosphorylation increased with training in CON mice. The lack of correlation between mtDNA increase and mitochondrial enzyme increases is consistent with previous findings in humans where moderate exercise and weight loss resulted in increased oxidative capacity, expansion of the inner mitochondrial membrane, and increased activity of electron transport proteins despite a lack of increased mtDNA content. We were also somewhat surprised by the lack of significant response in PGC-1␣ content with training since it is widely considered to be a "master regulator" of mitochondrial biogenesis. However, it should be kept in mind that PGC-1␣ expression may not be required for exercise-induced adaptations in mitochondrial gene expression, as increased expression of cytochrome c and ALAS1 and increased content of mitochondrial proteins cytochrome c, COX-1, and ALAS1 occur with treadmill training in PGC-1␣-knockout mice (28) . Therefore, the lack of PGC-1␣ accretion in the present study would not necessarily prevent increases in mitochondrial gene or protein expression. Citrate synthase activity also increased with training in skmLKB1-KO mice, but the proteins involved in oxidative phosphorylation, including cytochrome c, did not increase with training in the skmLKB1-KO muscles, indicating that LKB1 plays an impor- tant role in the upregulation of some mitochondrial proteins with chronic increases in activity. LKB1 likely works in this regard at least partly through targets other than AMPK␣2, since previous work has shown that AMPK␣2 knockout does not prevent changes in mitochondrial markers with exercise training (23, 39) . This is also consistent with recent findings that LKB1 regulates fat metabolism in skeletal muscle through non-AMPK-dependent pathways (20) . Exercise (2) and activation of AMPK (37, 53) promote angiogenesis and VEGF expression in skeletal muscle. Thus, it might be expected that training-induced angiogenesis and VEGF expression would be impaired in skmLKB1-KO muscles due to a lack of AMPK activation. This is consistent with our finding that VEGF gene expression after acute contractions was impaired in skmLKB1-KO muscles. Although we did observe lower capillarity and VEGF protein expression in sedentary skmLKB1-KO vs. CON muscles, our training bout was not sufficient to increase capillarity or VEGF protein expression in the CON mice. Paradoxically, however, VEGF protein content increased significantly with treadmill training in skmLKB1-KO muscles, indicating that not only is skeletal muscle LKB1 not required for VEGF accretion with training, it may even impair exercise-induced VEGF synthesis and may eventually impair increases in capillarity. This finding fits with earlier indications that LKB1-null fibroblasts and LKB1-null embryos have increased VEGF expression and that knockdown of LKB1 leads to increased VEGF expression and vascularity in cancer cells (6) . Similarly, Zwetsloot et al. (53) found that VEGF expression after exercise was actually enhanced in AMPK-dominant negative mice. Thus, it would appear that LKB1's role in the regulation of VEGF is different in basal conditions vs. stressed conditions and that it may play both proangiogenic and antiangiogenic roles, perhaps through different downstream targets, depending on the intensity of stimulation.
A bout of muscle contractions results in altered expression of many genes. When repeated chronically, these changes lead to measurable changes in protein expression and muscle function that contribute to the performance adaptations that characterize the exercise training response. To determine whether acute exercise-induced changes in gene expression are dependent on LKB1, we induced a 15-min bout of electrically stimulated hindlimb muscle contractions in CON and skmLKB1-KO mice and assessed the expression of several genes 3 h after the contraction bout. Of the genes that we measured, PGC-1␣, cytochrome c, and VEGF were upregulated in CON muscles after contraction, consistent with similar findings postexercise in previous reports (7, 9, 11, 24, 28) . These genes were unaffected by exercise in skmLKB1-KO muscles, indicating that LKB1 is required for their expression after muscle contraction at this 3-h postexercise time point. Although protein and/or mRNA content of TFAM (10) and cytochrome b (49) are known to increase with chronic contractile activity, we observed no difference in their expression at 3 h poststimulation. Indeed, their expression may not increase until later time points after contraction (10, 38) . The lack of responsiveness of HIF-1␣ expression to contraction is consistent with previous research (44) . Interestingly, Jørgensen et al. (24) observed no difference in postexercise expression of PGC-1␣ between wild-type and AMPK␣2-KO mice. These findings, together with ours, suggest that LKB1 can regulate exerciseinduced gene expression through pathways separate from that of its best-characterized target, AMPK␣2. In resting muscles, expressions of cytochrome b and TFAM were significantly lower in skmLKB1-KO mice, but no other differences between genotypes were observed for the genes that we measured, although there was a nonsignificant trend for decreased expression of VEGF. These findings in resting muscles are in general agreement with those of Miura et al. (33) , who observed significantly lower gene expressions of COX-2, COX-4, and VEGF and a trend for decreased TFAM but no difference in PGC-1␣ expression in skmLKB1-DN mice.
The contraction bout resulted in a similar decrease in ATP, glycogen, and PCr between genotypes. Miura et al. (33) reported a similar decrease in glycogen after treadmill running between skmLKB1-DN and WT mice, although in contrast to our findings they observed lower glycogen in resting muscles of skmLKB1-DN vs. WT mice (33) . To determine how the impaired gene expression at 3 h postexercise in skmLKB1-KO muscles may have been affected by altered intracellular signaling, we measured phosphorylation of AMPK, p38 MAPK, Erk, and CaMKII. Each of these are well-characterized mediators of contraction-induced muscle adaptation. As expected, AMPK phosphorylation was elevated immediately after contraction only in CON but not skmLKB1-KO muscles. Although activation of AMPK has been reported to induce p38 and Erk phosphorylation and activation in skeletal muscle (5, 29) , we observed no significant attenuation of either p38 or Erk phosphorylation immediately after contraction in skmLKB1-KO muscles, indicating that initial activation of these pathways is unaffected by LKB1 knockout. Interestingly, at 2 h postcontraction, Erk phosphorylation was significantly elevated in skmLKB1-KO but not CON muscles. Phosphorylation of p38 displayed a similar but nonsignificant (P ϭ 0.17) trend. The potential hyperactivation of these signaling pathways after contraction may be a compensatory mechanism that could minimize the effects of impaired AMPK phosphorylation. Although this did not appear to play a major role in the expression of PGC-1␣, cytochrome c, and VEGF at 3 h postexercise, expression of these and other exercise-induced genes would likely be affected by the enhanced or prolonged MAPK signaling at later time points. Together, these findings suggest that impaired upregulation of gene expression by muscle contraction at 3 h was likely due to AMPK and/or other LKB1-dependent pathways and not due to downregulation of Erk, p38, or CaMKII in skmLKB1-KO muscles.
In conclusion, skeletal muscle-specific knockout of LKB1 results in decreased exercise capacity and impaired ability to upregulate specific genes after acute exercise training. It likewise impairs accretion of mitochondrial genes involved in oxidative phosphorylation with longer-term training. However, accretion of VEGF with exercise training may normally be inhibited by LKB1. Despite the impairments in mitochondrial protein expression, the lack of LKB1 in skeletal muscle does not prevent or impair improvements in exercise capacity with training.
